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FOREWORD

(U) The work reported herein was done at the request of the Manned
Spacecraft Center (MSC), National Aeronautics and Space Administra-
tion (NASA) for the Bell Aerosystems Company (BAC) under Program
Area 921E, Project 9071,

(U) The results of the tests were obtained by ARO, Inc. (a subsidiary
of Sverdrup and Parcel, Inc.), contract operator of the Arnold Engineering
Development Center (AEDC), Air Force Systems Command (AFSC),

Arnold Air Force Station, Tennessee, under Contract AF40(600)-1000. The
test was conducted from May 28 to September 15, 1964, in the Propulsion
Engine Test Cell (J-2A) of the Rocket Test Facility under ARO Project
Number RL1422, and the report was submitted by the authors on April 27,
1965.

(U) This report contains classified information extracted from the
following reports:
1. AEDC-TDR-64-211, October 1964 (Confidential, Group 4)
2. AEDC-TDR-64-242, November 1964 (Confidential, Group 4)
3. AEDC-TDR-64-258, November 1964 (Confidential, Group 4)
4. BAC Report Number 8258-927003, March 1964 (Confidential,
Group 4)

(U) This technical report has been reviewed and is approved.

Ralph W. Everett Jean A. Jack
Major, USAF Colonel, USAF
AF Representative, RTF DCS/Test
DCS/ Test
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(C) The development test program of the LEM Ascent Stage Primary
Propulsion System was conducted in the Propulsion Engine Test Cell
(J-2A). This program was designed to determine the performance, ther-
mal characteristics, and durability of two configurations of the engine at
a pressure altitude of approximately 100, 000 ft. One configuration of the
engine was operated at a chamber pressure of 100 psia and the other at
120 psia. Included in the program were (1) a simulated mission duty cycle
for both configurations of the all-ablative engines, (2) a survey of engine
performance as a function of chamber pressure, chamber length, and
mixture ratio utilizing an all-metal engine of the 120-psia chamber pres-
sure configuration, and (3) a study of the proposed LEM Ascent Staging
technique using an all-ablative 120-psia chamber pressure engine. The
results of the program indicated that the mean value of vacuum specific
impulse, characteristic velocity, vacuum thrust coefficient, and the mass
ablation for the 120-psia chamber pressure configuration were
309.5 lbg-sec/lby,, 5471 ft/sec, 1.820, and 0. 0336 lbm/sec, respectively.
The vacuum specific impulse obtained at 120-psia chamber pressure was
approximately 1 percent higher than that obtained at 100 psia. The per-
formance of the two configurations was comparable when corrected to the
same area ratio, chamber pressure, mixture ratio, and chamber length.
The structural integrity of the engine was demonstrated by the successful
completion of the mission duty cycle and the simulated vehicle staging
tests.
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SECTION |
INTRODUCTION

(U) The Apollo vehicle consists of a Command Module (C/M) (three-
man capsule), a Service Module (S/M), and a Lunar Excursion Module
(LEM). The mission of the LEM is to ferry astronauts to and from the
lunar surface. The LEM consists of two stages: a Descent Stage to pro-
vide a soft landing on the lunar surface and an Ascent Stage for takeoff
from the lunar surface and rendezvous with the Apollo Command Module
in lunar orbit.

(U) An engine development program of the LEM Ascent Stage Pri-
mary Propulsion system was conducted in the Propulsion Engine Test
Cell (J-2A) of the Rocket Test Facility. The test program was divided
into four phases with the following primary objectives:

Phase I - Determination of engine performance and ablation
characteristics of two different types of all-ablative,
thrust-chamber-nozzle assemblies. The results of
this phase of testing are reported in Ref. 1.

Phase II Determination of the effect on engine performance of
chamber pressure variations of 100, 120, and 140 psia
over a mixture ratio range of from 1.4 to 2.1 using an
all-metal, water-cooled, thrust-chamber-nozzle
assembly with characteristic lengths of 30 and 42 in.
The results of this phase of testing are reported in

Ref. 2.

Phase III - Determination of engine performance during a simulated
mission duty cycle utilizing the final configuration of the
LEM Ascent engine thrust-chamber-nozzle assembly.
The results of this phase of testing are reported in

Ref. 3.
Phase IV

Evaluation of the proposed LEM Ascent vehicle staging
technique. The results of this phase of testing are pre-
sented in Ref. 4.

(U) This report presents a summary of the results of these four
phases of testing as reported in Refs. 1 through 4 and also presents a
comparison of the performance of the 100-psia chamber pressure engine
tested during Phase I with that of the 120-psia chamber pressure engine
tested during Phase III. This performance comparison is based on the

results of the Phase II tests which included variations in chamber pressure,
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mixture ratio, and chamber length. Included in these comparisons are
adjustments for differences in heat loss and expansion ratio.

SECTION 1I
APPARATUS

2.1 TEST ARTICLES

(C) The BAC Model 8258 rocket engine (Fig. 1) is a pressure-fed,
bipropellant engine which uses the hypergolic propellants nitrogen tetrox-
ide (N9Oy4) as the oxidizer and equal gravimetric parts of hydrazine
(NgHs) and unsymmetrical dimethylhydrazine [(Nsz)(CHg)g] as the fuel
at a nominal mixture ratio of 1. 6. The engine is designed for multiple
firings in a space environment for a total of 455 sec (maximum of 35 fir-
ings). The maximum duration for any single firing is 380 sec (Ref. 5).

(C) The engine consists of an injector, ablative-thrust-chamber-
nozzle assembly, bipropellant valve, and electrical control harness. The
bipropellant valve and electrical control harness were not used during the
first three phases of this program; instead, facility propellant valves and
electrical control wiring were used. The fourth phase of this program
incorporated a prototype bipropellant valve (Ref. 4) but not the electrical
control harness. All engines used in this program were designed to de-
velop a nominal 3500-1b thrust. The engines utilized in Phase I were
designed to develop a nominal vacuum specific impulse of 306. 3 lbg-sec/lby,
at a chamber pressure of 100 psia, whereas the engines utilized during the
remainder of the program were designed to develop 308. 3 lbg~sec/lby, at
120 psia.

(U) Table I lists the various engine components that were used during
this program.

2.1.1 Thrust-Chamber-Nozzle Assemblies

(C) The BAC Model 8258 rocket engine utilized during the Phase I
testing of this program incorporated an all-ablative, thrust-chamber-
nozzle assembly with an area ratio of 40:1 and was designed to operate
at 100-psia chamber pressure. One assembly, fabricated by the AVCO
Corporation (AVCO) was used during Test No. 01 (Fig. 2a). Three
assemblies, manufactured by the H. I. Thompson Company (HITCO),
were used during Tests No. 02, 03, and 04 (Figs. 2b and ¢). The HITCO
assembly used during Test No. 02 differed from the assemblies used
during Tests 03 and 04 in that the insulation layer ended at the 6:1 area
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ratio just downstream of the nozzle throat. The materials used in the
manufacture of the Phase I chambers are given in detail in Ref. 1.

(C) Phase II tests were conducted using an all-aluminum, water-
cooled, thrust chamber and nozzle throat section. A radiation-cooled
stainless steel nozzle extension was attached at the 7:1 area ratio and
extended to an area ratio of 45. 6:1 (Fig. 2d). This chamber was dimen-
sionally identical to the all-ablative, thrust-chamber-nozzle assembly
tested in Phase III. Detailed information on the Phase II assembly is
contained in Ref. 2.

(C) Three all-ablative, thrust-chamber-nozzle assemblies with
area ratios of 45.6:1 and designed to operate at 120-psia chamber pres-
sure were tested during Phase III (Fig. 2e). These assemblies were
dimensionally similar to the Phase I assemblies except that the throat
area was smaller. These chambers were also different from those used
in Phase I in that the material which was used to insulate the chamber and
throat section was also used as the ablative layer from the 6:1 area ratio
to the 45. 6:1 area ratio. Further construction details are presented in
Ref. 3.

(U) The Phase IV tests were conducted utilizing one thrust-chamber-
nozzle assembly identical to the assemblies used during Phase III.

(U) The first three tests of Phase I (Tests No. 01, 02, and 03) and
the last series of tests of Phase II (Test B3) were conducted utilizing a
4.125-in. -long, water-cooled combustion chamber extension (Fig. 3).
This assembly was used during Phase I to prevent excessive grooving of
the thrust chamber wall near the injector. This section was also used
during Phase II to effect a change in the chamber characteristic length.

2.1.2 Injectors

(C) Two types of injectors, Series A and B (Fig. 4), were utilized
during this test program. Tests No. 01, 02, and 03 of Phase I used a
Series A injector. This injector had 40 doublet orifices on the periphery
to provide film cooling of the chamber wall and 140 triplet primary
orifices arranged in a square pattern. The remainder of the test program
(Test No. 04 of Phase I, Phase II, Phase III, and Phase IV) utilized the
Series B injector. This injector contained 96 doublet orifices on the
periphery for film cooling and 92 triplet primary orifices arranged in
concentric circle patterns.

(U) Two types of Series B injectors were used in Phase II testing.

The only difference was in the orifice hole size. This difference had no
effect on engine performance as indicated in Ref. 2.

<OONHBENIIR
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2.2 INSTALLATION

(U) The test program was conducted in the Propulsion Engine Test
Cell (J-2A) (Fig. 5), which is a propulsion chamber designed to simu-
late pressure altitudes in excess of 350, 000 ft. The test cell consists of
an 18-ft-diam, 30-ft-long stainless steel thermopanel liner installed
within the 20-ft-diam basic test cell ducting and is equipped with mechan-
ical and cryogenic pumping systems and an exhaust gas ejector-diffuser.
However, the only pumping systems used for the tests reported herein
were the mechanical vacuum pumps and the exhaust gas ejector-diffuser
in series with the facility exhausters.

(U) The engines were mounted on the thrust cradle, which is sup-
ported from the cradle support stand by two vertical and three horizontal
double universal flexure assemblies (Fig. 5a). Axial movement of the
thrust cradle was restrained by a thrust butt through a load cell train.

(U) A 15-ft-long cylindrical supersonic diffuser with an inlet diameter
of 45 in. and a 36-in. -~diam second throat was used to compress the
engine exhaust gases and to maintain altitude conditions during rocket
firings. The inlet plane of the supersonic diffuser was positioned 2. 75 in.
downstream of the engine nozzle exit plane. The exhaust gases from the
diffuser were discharged into facility exhaust ducting and were removed
by the RTF exhauster system (Ref. 6).

(U) Two valves are used to provide the test cell with an engine re-
start capability: a hydraulically operated, 6-ft-diam restart valve and
a hydraulically actuated diffuser valve (Fig. 5). A disc is used in the
restart valve to seal the test cell (which is normally at a lower pressure)
from the RTF exhaust duct pressure when the diffuser valve is open.
The 6-ft-diam restart valve was located downstream of the diffuser and
consisted of two 20-mil Mylar® discs mounted in steel rings, a hydraulic
actuation system, and a pyrotechnic system. One 6-ft-diam disc was
positioned in the duct downstream of the diffuser, while the other disc re-
mained inside the 20-ft-diam basic test cell exhaust duct. At the begin-
ning of a rocket firing, the disc in the 6-ft-diam duct was severed by the
pyrotechnic system and was discharged from the duct by the rocket ex-
haust. After the firing, the restart valve was remotely operated to insert
the remaining disc from the cell exhaust duct into the 6-ft-diam exhaust
duct. The diffuser valve was installed to prevent atmospheric air pres-
sure from rupturing the Mylar disc in the 6-ft-diam duct during periods
when the RTF exhauster system was not in operation.

(U) During Phase IV testing, a 60-in.-diam steel plate was installed
downstream of the nozzle exit (Fig. 5b). The axial location of the plate

4 m l
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relative to the nozzle exit was adjusted manually between test periods,
and the angular position was controlled remotely from the control room
between the test firings. The exhaust gases from the engine were dis-
charged into the test cell, flowed around the plate at the nozzle exit,
through the exhaust gas diffuser, and were removed by the RTF exhaust
system (Ref. 6).

(U) Each propellant system for the engine consisted of an insulated
1000-gal stainless steel tank, a tank filling system, a nitrogen pres-
surizing and regulating system, filters, and associated valving (Fig. 6).
For the first three phases of testing, two 2-in. -diam, air-operated
valves were installed approximately 24 in. upstream of the injector and
were used as engine propellant valves. Two turbine-type flowmeters
were installed in series in each propellant line outside the test cell for
flow measurement. The fourth phase of testing utilized a fast acting
bipropellant valve (supplied by BAC) similar in operation to the proposed
flight valve. This valve permitted firings of less than one second as re-
quired for this phase of testing.

2.3 INSTRUMENTATION

(U) Instrumentation was provided to obtain measurements of axial
thrust, engine and test cell pressures, propellant pressures and flow
rates, and engine and propellant temperatures. Visual coverage of the
engine during operation was provided by closed-circuit television and
motion-picture cameras.

2.3.1 Pressure

(U) Thrust chamber pressures were measured with strain-gage-type
transducers located approximately one foot from the engine. The num-
ber of chamber pressure transducers utilized were: Phase I, three;
Phase II, six; Phase III, four; and Phase IV, one. The transducers were
manifolded, and the manifold was connected to the pressure tap. The
chamber pressure measurements were taken at a tap located in the center
of the injector except for Phase II. For this phase, three were taken at
the injector and three at a tap in the chamber wall located immediately
upstream of the converging section of the nozzle (Ref. 2).

(U) Strain-gage-type transducers were also used in each propellant
system to measure tank pressures, feed pressures, injector inlet pres-
sures, and differential pressures across the injector (Fig. 6). In addition
to the above measurements which were taken on all four phases of testing,
Phase II and IV test articles were fitted with strain-gage-type transducers
connected to nozzle static pressure taps.

UNCLASSIFIED
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(U) The outputs of the strain-gage-type transducers were recorded
in frequency form on magnetic tape and in analog form on light-beam
oscillographs and null-balance potentiometers.

(U) Test cell pressures were measured with variable capacitance-
type transducers (Fig. 5) and were recorded in frequency form on mag-
netic tape and in analog form on a null-balance potentiometer.

(U) All transducers were laboratory calibrated with a secondary
standard before and after each phase of testing. Before, during, and at
the end of each test period, the pressure transducers were calibrated by
an electrical four-step calibration using resistances in the transducer
circuits to simulate selected pressure levels.

2.3.2 Temperatures

(U) Temperatures were measured on the engine with Chromel ® -
Alumel ® thermocouples. The exact locations and number of thermo-
couples are presented in Refs. 1 through 4. The electrical outputs from
these thermocouples were recorded on null-balance potentiometers or in
digital form on magnetic tape by an analog-to-digital commutating data
system. The data recorded were converted to degrees and tabulated by
a digital computer.

(U) Immersion-type thermocouples were used in each propellant
system to measure propellant temperatures in the tank, near the propel-
lant valve, and at the injector inlet. Propellant temperatures at the flow-
meters were measured by resistance temperature transducers, recorded
in frequency form on magnetic tape, converted to degrees, and tabulated
by a digital computer.

2.3.3 Flow Rates

(U) Two turbine-type flowmeters were installed in each of the propel-
lant feed lines to measure propellant flow rates. The flow rates were
recorded in frequency form on magnetic tape and light-beam oscillograph
and in analog form on null-balance potentiometers. Prior to the testing
of each phase of the program, the flowmeters were bench calibrated using
water. At least one flowmeter in each propellant system was calibrated
using the particular propellant as the flowing fluid. The flow measurement
recording systems were calibrated before, during, and after each test
period by applying a known frequency which simulates a selected flowmeter
output.

UNCLASSIFIED
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(U) Two turbine-type flowmeters were installed in each of the
cooling-water discharge lines to measure cooling water flow rates on
the Phase II configuration engine (Fig. 2d).

2.3.4 Miscellaneous

(U) In addition to the above mentioned instrumentation, engine instru-
mentation for Phase IV also included nozzle vibration and engine strain
sensors at several specific locations (Ref. 4).

2.3.5 Instrumentation Accuracy

(U) The accuracy of the measured steady-state engine data obtained
during the first three phases of the LEM Ascent test in the Propulsion
Engine Test Cell (J-2A) has been determined (Ref. 7) and is stated for
three standard deviations (3¢) as a percentage of the steady-state value.

Parameter 30
Thrust, F 0. 303
Chamber Pressure, P, (Lab Calibrations) 0.594
Chamber Pressure, P. (In-Place Calibrations) 0. 549
Propellant Flow Rate, WT 0. 375
Throat Area, Ap 0. 006
Nozzle Exit Area, Ape 0.012

(U) The errors of the calculated engine performance parameters,
Fo. Cr, Cry, Ispm, and c* from the measured data were:

p P.(In-Place Calibrations)P.(Lab Calibrations)
arameter
30 3o
Vacuum Thrust, F, 0. 330 0.330
Thrust Coefficient, Cp 0.627 0.666
Vacuum Thrust
Coefficient, Cg 0. 642 0.678
Vacuum Specific ®
Impulse, ISpm 0.498 0.498
ﬁharacteristic Velocity,c* 0. 666 0.702

The above errors are the combined statistical sum of the random and
systematic errors.

UNCLASSIFIED
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(U) The accuracy of the Chromel-Alumel thermocouple data, in-
cluding the analog-to-digital computing system, is estimated to be
+3. 0 percent. The accuracy of the temperature measurements recorded
on magnetic tape in frequency form and on continuous recording null-
balance potentiometers is estimated to be 1. 0 percent.

SECTION Ili
PROCEDURE

3.1 TESTING

(U) The test program was divided into four separate phases. The
firing sequence for each phase is included in Table I. The detailed pro-
cedures for each phase of testing can be found in Refs. 1 through 4.

3.2 DATA REDUCTION

(U) Measurements of engine thrust, chamber pressures, test cell
pressure, propellant pressures, propellant temperatures, and flow
rates were recorded on magnetic tape as a frequency and were trans-
lated into digital form for Phases I, II, and III. An average value of
each parameter was computed by an IBM 7074 computer at 1. 0-sec
intervals for each test except for the short-duration firings of Phase I,
which were averaged over a 0. 2-sec interval. All other temperature
measurements were recorded in digital form on magnetic tape and were
converted to degrees and tabulated at 1. 0-sec intervals by a digital com-
puter. The computer also provided a graph of the variation of each
temperature as a function of time.

(U) During the Phase IV testing, measurements of engine thrust,
combustion chamber pressure, nozzle static pressure, and engine
strain were recorded on magnetic tape in frequency form and were
transcribed into digital form. One average value of each parameter
was computed and tabulated by an IBM 7074 electronic computer at
0.005- and 0.025-sec intervals for each firing.

(U) Engine performance data were calculated from the higher accu-
racy data obtained from the frequency-modulated magnetic tape system
for Phases I, II, and III. An IBM 7074 computer was programmed to use
the measured data samples to compute engine performance parameters at
1-sec intervals throughout the 380-sec firings of Phase I, all the firings
of Phase II, and the 60- and 30-sec firings of Phase III. No performance
data were calculated for the Phase IV firings.

UNCLASSIFIED
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(U) Vacuum thrust (F_), specific impulse (Isp ), and thrust coef-
ficient (Cr,) were calculated by the computer from the measured data.

(U) Characteristic velocity (c*) for the thrust chamber was calcu-
lated as follows:

P.. Ay.
* cj ATy g
ci = 1
- (1)
P. Ar.
or c*n = _u (2)
W

where
Pc; is the thrust chamber pressure
measured at the injector,

P., is the thrust chamber pressure
measured at the nozzle entrance,
AT, 1is the measured pre-fire throat

area,

g 1s the dimensional constant
(32. 174 1bpft/1besec?),

Wr is the total propellant flow rate.

The corrected characteristic velocity was calculated as follows:

C*corr = *PC&L (3)
Wt
where
P.c 1is the thrust chamber static pressure
measurement corrected to the throat
total pressure.

The corrections supplied by BAC were
0.98621 x P, (used for Phase I and III)
and 1. 0232 x P.,(used for Phase II only).

(U) To determine the change in throat area during the firing of an
ablative thrust chamber (Phases I and III), a calculated throat area,

assuming c*_ .. . as constant, was determined from
A - C*corr Wt (4)
Tcale Pec 8

For the first firing of Phase I, c*.,,., Was determined from Eq. (3)
from 8.5 to 9.5 sec, and, for the first firing of Phase II, from 4.5 to
7.5 sec. These time periods were chosen to ensure that no significant
throat area change had occurred. Since the value of c*. ., should not
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change appreciably during a firing, assuming the chamber pressure,
mixture ratio, and total propellant flow rate remain constant, the cal-
culated throat area obtained from Eq. (4) will indicate the change in
throat area with time caused by ablation.

(U) The Phase II vacuum specific impulse data were corrected to
adiabatic conditions by returning the heat lost to the cooling water.
The resulting statement was:

1
ho"(he) /z

(Isp)l = (Isp)2 ! (5)

hy ~ (h, )z = —?l
Vw
where

()h = Adiabatic system

()2 = Water-cooled system

ho = Stagnation enthalpy, Btu/lb,,

he = FExhaust gas enthalpy, Btu/lbmy

Qw = Heat rejected to cooling water, Btu/sec

Wy = Flow rate of cooling water, lby,/sec

A complete derivation of the above statement is contained in Appendix II
of Ref. 2.

SECTION |V
RESULTS AND DISCUSSION

(U) This is a summary of the results of the four phases of altitude
testing of the LEM Ascent Engine conducted in the Propulsion Engine
Test Cell (J-2A). The engine configurations, firing sequence, firing
durations, and pressure altitudes of each test are presented in Table I.
It is the intention of this report to present the results of these four
phases of testing as reported in Refs. 1 through 4 (see section 4. 1).
The results of the first phase of testing are compared with those of the
third phase based on the information obtained from Phase II tests, which
were conducted to determine the performance of the engine as a function
of chamber pressure, mixture ratio, and chamber length (see section 4.2).

10
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4.1 SUMMARY OF ENGINE PERFORMANCE
4.1.1 Vacuum Specific Impulse

(U) The results of the first three phases of testing lead to three
distinct values of measured vacuum specific impulse. These values
were influenced by (1) chamber pressure, (2) area ratio, (3) chamber
length, and (4) cooling mechanism differences.

(C) Phase I testing incorporated two types of all-ablative, thrust-
chamber-nozzle assemblies with an expansion ratio of 40:1 which were
operated at 100-psia chamber pressure. Vacuum specific impulse
(Igp,) levels obtained 20 sec after initiation of the firings were

(1) 308. 9 Ibg-sec/lby, for the AVCO assembly which incorporated the
water-cooled thrust chamber extension (Test 01), (2) 307.01bf-sec/lbm

for the HITCO assemblies which incorporated the water-cooled thrust-
chamber extension (Tests 02 and 03), and (3) 305. 4 1bs-sec/lby, for the
HITCO assembly without the water-cooled assembly (Test 04). The
AVCO assembly vacuum specific impulse increased throughout the
380-sec firing to a value of 310. 9 lbg-sec/lby,. This value was attained
just prior to the structural failure, which occurred after 263 sec of the
380-sec firing (see section 4.5). After the structural failure, which was
the loss of a section of ablative material just downstream of the throat,
the vacuum specific impulse dropped to a value of approximately

300. 3 1bg-sec/1by, and rose to 302. 0 lbr-sec/lby, just prior to the com-
plete failure of the thrust-chamber-nozzle assembly at 378. 2 sec.
Vacuum specific impulse data from the remainder of the Phase I cham-
bers were relatively constant throughout the 380-sec firings (Ref. 1).

(C) The Phase III engines, operating at approximately 120-psia cham-
ber pressure and near 1.6 mixture ratio, attained a mean value of Ispm
of 309. 3 1bf—sec/1bm. This value was reached approximately 20 sec
after ignition. During the 380-sec firing the mean Igp attained was
309.5 lbf—sec/lbm. This value was attained by all thrée chambers with
only minor differences (Ref. 3).

(U) Table II presents a tabulation of the data obtained during the first
three phases of testing. These data represent the 20-sec data point for
the Phase I and Phase III tests and the average of the last 10 sec of each
firing for Phase II. Figure 7 presents the time histories of the vacuum
specific impulse obtained from the ablative-chamber tests (Phases I
and III).

(C) As seen in Fig. 7, the results of each firing of the Phase III test

agree very well for the 380-sec firings in that the average vacuum specific
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impulse remained relatively constant at 309. 0 to 309. 5 lbg-sec/lby,

after the first 40 sec of the firings. The Phase I data for Runs 02 and

03 agree very well for the first 40 sec of the firings but then deviate.
This deviation was caused by an increase in the mixture ratio (Ref. 1)
from 1, 60to 1.76 during Test No. 02. The difference in chamber length
effected by the removal of the water-cooled thrust chamber extension
between Tests 03 and 04 had approximately the same effect on ISPm as
was experienced in Phase II.

(C) The all-metal, water-cooled, 45.6:1 area ratio assembly used
during the second phase of testing attained Igp values of 305.8 and
303. 3 1bs-sec/lby,, at mixture ratios of approximately 1.6 for chambers
with and without the water-cooled combustion chamber extension, re-
spectively. The average increase in I5,, was approximately 0. 78 per-
cent due to the increased chamber lengt%? These tests also indicated
that the maximum value of vacuum specific impulse should occur at a
mixture ratio of 1.6.

(C) Comparing Test 04 Phase I with the results of Phase III indicates
that, for chambers of similar lengths, an increase in chamber pressure
from 100 to 120 psia and an increase in area ratio from 40:1 to 45. 6:1,
the vacuum specific impulse increased approximately 1. 25 percent.

4.1.2 Characteristic Velocity

(C) The characteristic velocity for an ablative chamber is a diffi-
cult parameter to determine. The fixed contour chamber tests conducted
during Phase II of this program helped to determine the time at which
steady-state operation was achieved during the ablative chamber tests.
As seen in Fig. 8 which depicts a typical P./Wr variation with time
(which is in effect the c* variation since AT and g are constants), the
value of P./Wr is essentially constant after about 2.5 sec. In all but
two of the Phase II firings (total 28), the values of Pc/WT were within
10. 25 percent of the steady-state value after 4.5 sec. The two firings
that were not steady-state after 4.5 .sec became stable after 10to 15 sec.

(U) On the basis of the Phase II tests, the value of c* obtained after
4.5 sec during phases I and III should be representative values for the
all-ablative assemblies because the propellant feed system should have
stabilized and the throat area would not have changed significantly.

(U) Figure 9 presents c* data taken during Phases I, II, and III.
The values for Phases I and III were taken at 4.5 sec, whereas the
Phase II data were steady-state (an average of the last 10 sec of the fir-
ings). Anincrease in characteristic length (L*) of approximately

12
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40 percent by the addition of the water-cooled thrust chamber extension
resulted in an increase in c* for the Phase II tests of approximately

0. 69 percent at a mixture ratio of 1. 6. The Phase I c* data indicated
that a similar change occurred for approximately the same change in
chamber length. A change of injectors from a series A to a series B
was also made at the time the chamber length was changed during the
Phase I testing, but this had no effect on the resulting c*. The Phase I
data are presented in Fig. 9 to show the relation of the data to that
obtained during Phase II testing.

(U) The values of c* for the Phase II test calculated at 4.5 sec are
also shown in Fig. 9. These values are exactly as reported in Ref. 3
and coincide somewhat with the Phase II results. As pointed out later
in section 4. 2. 3, there is a discrepancy in the methods for arriving at
a chamber pressure on which the performance of the engine is to be
based. The values of c* do not compare very well when they are based
on chamber pressure measured at similar positions in the chamber.

(C) The mean value of c* for the Phase III engine based on chamber
pressure measured at the injector face and corrected as suggested by
BAC (ch x 0.98621) was 5471 ft/sec at a mixture ratio near 1.6. For
the all-metal chamber test, the maximum c¥ occurred at a mixture ratio
of 1.5 (Ref. 2).

4.1.3 Nozzle Throat Area

(U) Variations in nozzle throat area are presented in Fig. 10 as a
function of firing time for both the Phase I and the Phase III all-ablative,
thrust-chamber-nozzle assemblies. These variations are presented in
ratio form, as the ratio of calculated throat area (see section 3. 2) to the
pre-fire measured throat area.

(C) The Phase IIl assemblies decreased in throat area to an average
value of 0.947 of the original areas after a total of 180 sec of firing time.
The Phase I assemblies had decreased to only 0.975 at the same time.

In general, the trend of the areas is similar for the chambers tested.

The chambers tested during Phase III were exposed to higher heating
rates than were those of Phase I because of the higher chamber pressures.
However, no information was available as to the thermal properties of the
ablative materials from which conclusions can be made concerning the
effect of chamber pressure on ablation rate.

(C) The following is a comparison of the nozzle throat areas recorded
throughout the program.

13
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Phase Test Measured, in. 2 Final Percent
Pre-Fire | Post-Fire | Calculated, Difference
in. 2
I 01 19,087 16.260 --- -
I 02 19,221 19. 470 .- ---
I 03 19.213 18. 704 18,720 +0. 3
I 04 19. 127 18.589 18. 540 -0.3
III C1 16.478 16.281 16.201 -0.5
1 C2 16.475 16. 439 15,9717 -2.8
II1 C3 16. 444 16.237 15, 835 -2.5

t Structural failure made measurement impossible
*Large mixture ratio change during firing made
calculations questionable.

The measured and calculated post-fire areas agree very well as shown
above. It should be noted that the calculated area is actually the calcu-
lated aerodynamic area and is directly affected by such factors as the
rate at which the ablation materials gasify, surface roughness, etc.

4.1.4 Vacuum Thrust Coefficient

(U) Calculated values for vacuum thrust coefficient (Cy_) as a func-
tion of mixture ratio are presented in Fig. 11 for Phases I, II, and III.
It should be noted that the data for Phase II are different from those of
Phases I and III, which were based on chamber pressures measured at
a different location on the chamber. Phase II data were based on cham-
ber static pressure measured at the nozzle entrance and were corrected
to nozzle entrance total pressure by a factor supplied by BAC. Phases I
and III data were based on chamber static pressure measured at the in-
jector and were corrected by another factor supplied by BAC. These
correction factors, which should give the same nozzle total pressure,
yield different values of chamber total pressure at the nozzle entrance
(see section 4. 2. 3), which resulted in two possible levels of CFQ-

(U) Results of the Phase II test indicated that in general (1) no in-
crease in the thrust coefficient was experienced for variations in cham-
ber pressure, (2) an increase in characteristic length of approximately
40 percent (from 30 to 42 in.) resulted in increases in Cg_ from 0 to
0.56 percent for a mixture ratio range from 1. 4 to 2.0, and (3) Cr,
increased with increased mixture ratio.

14
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4.1.5 Simulated Stage-Separation Test

(U) Eighteen 650-msec firings of the LEM Ascent engine were con-
ducted to evaluate the effects of staging at near vacuum conditions
(Phase IV, Ref. 4). A movable flat plate was installed near the nozzle
exit plane to simulate the Descent Stage blast shield (Fig. 5b).

(U) The presence of the flat plate induced a shock in the nozzle as
long as the plate was positioned 7 in. or less from the nozzle exit. The
angular movement of the plate had no apparent effect on the location of
the shock until the plate was 7 in. from the exit and the angle was in-
creased to 10 deg; then the shock moved out of the nozzle completely.
When the blast shield was positioned 10 in. from the exit plane the shock
had moved completely out of the nozzle regardless of the plate angle.
Figure 12 indicates the approximate location of the shock patterns within
the limits of the instrumentation available. The crosshatched area indi-
cates that the shock was present somewhere between two pressure taps
and also indicates the relationship of the location of the blast shield
relative to the shock location. Table IIl indicates the nozzle static pres-
sure levels that were experienced during this phase of testing. Refer-
ence 4 indicated that the cell pressure at the start of each run was
approximately 0. 25 psia and increased to approximately 0. 80 psia at the
end of each 650-msec firing. The ratio of the cell pressure to the nozzle
exit static pressure (actually the tap located at area ratio of 41. 4) was
approximately 0. 15, This ratio is sufficient to simulate space conditions
very closely since further reductions in ambient pressure would have no
effect on the general flow pattern except to strengthen the shock pattern
outside of the nozzle. Figure 13 presents the variation of thrust with
respect to blast shield location.

(U) The results of this free-jet test demonstrated that the LEM
Ascent engine can withstand the momentary loads and unsymmetrical
forces which may occur during lunar liftoff.

4.2 PERFORMANCE CORRELATION

(C) Several different configurations of the LEM Ascent engine were
tested during this program (Table I). In order to compare performance,
it was necessary to reference the performance parameters to a common
configuration and to common operating conditions. The following final
flight configuration and design operating conditions were chosen as the
common reference:

Chamber: HITCO Ablative, H - (X) - 350.3, L* = 30 in.
Injector: B3-L2
Nozzle: A/Am = 45.6, Throat Area (nominal) = 16. 44 in. 2

15
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Operating Conditions:
a. Mixture Ratio = 1.6
b. Chamber Pressure Measured at the
Injector Face = 120 psia

Because' of the changing geometry of the ablative engines, two distinct
time slices were chosen for investigation: (1) Four and one-half
seconds(1) after the firing signal was selected as the first time slice
since by this time chamber pressure, mixture ratio, and total propel-
lant flow had become stable and nozzle throat ablation should scarcely
have begun (Ref. 3); (2) twenty seconds after the firing signal was
selected as the second time slice as it fell within the operating period
of the largest number of samples. Only data from firings at a nominal
mixture ratio of 1.6 and, for the Phase II firings, only data at a nominal
chamber pressure of 120 psia and the design L* of 30 in. were con-
sidered. This selection of data was deemed advisable since it provided
a comparable number of samples from each phase with a minimum
amount of data adjustment.

(U) A limited amount of data from the 0. 650-sec firings of Phase IV
is presented for comparison. These data were averaged over the last
0. 3 sec prior to the engine shutdown signal.

4.2.1 Data Adjustment (4.5 sec)
4.2.1.1 Phase |

(C) The Phase I performance parameters at 4.5 sec are presented
in columns 1 through 11 in Table IV. These values are as measured
or calculated in Ref. 1 and include no adjustments to the reference con-
ditions. (Data from test 01-01 were omitted because of a high mixture
ratio.) The Phase I performance data are not compatible with the
reference standard conditions because:

1. Injectors used were A3 - (X) and B3 - (X) types,

2. The nozzle had a 40:1 expansion ratio and a 19. 20 in. 2
nominal throat area,

3. Nominal chamber pressure was 100 psia, and

4. The first two engines utilized a 4.125-in. ~diam, water-
cooled section in the thrust chamber

1 pata were averaged for one-half second before and after the
specified time.
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Because of this incompatibility, adjustment of the Phase I data to the
reference standard is required to facilitate data comparisons. No
adjustment to the performance data was made to account for the use

of injectors other than the standard as examination of the measured
data revealed no detectable difference in performance. Adjustment of
vacuum specific impulse to account for a nonstandard area ratio nozzle
was made as follows:

. . Iyp 46.5
SPy TP\ L, 4000

where the theoretical values of specific impulse at area ratios of 40
and 46.5 were taken from Ref. 9. The adjustment of performance data
to a chamber pressure of 120 psia was made using the results of data
analysis from the Phase II hard contour tests. It was found that spe-
cific impulse increased 0. 766 percent for an increase in chamber pres-
sure from 100 to 120 psia (Ref. 2). Therefore, the second adjustment
applied to the first gives

(120 - pCCi)
20

Lsp, = Lsp, (1.00766)

(U) It should be pointed out that this adjustment assumes, first,
that the chamber pressure varies as a function of propellant flow
identically for both engines (i. e., the slope of the PC/WT curve is the
same for both engines). Actually, since the throat area of the Phase I
engines was larger than the Phase II engines it would be expected that
the slope of the PC/WT curve for the Phase I engine would be less than
that of the Phase II engines. Secondly, it is assumed, in making this
adjustment, that the PC/WT curve remains linear between 100 and
120 psia even though the engine is operating 20 percent above design
chamber pressure. Therefore, the values of Ispg adjusted to a cham-
ber pressure of 120 psia are probably optimistic. It was necessary to
make a third adjustment to the specific impulse values of Phase I
firings 02-01 and 03-01 to account for the difference in L* from standard.
Phase II tests also showed that the addition of a 4. 125-in. -diam water-
cooled section in the thrust chamber increased vacuum specific impulse
by 0. 78 percent at a mixture ratio of 1. 6. Therefore, the third adjust-
ment applied to the second gives

Lsp,,, = lepy (0:9922)

The final adjusted values of vacuum specific impulse are presented in
column 13 of Table IV.

4.2.1.2 Phase 1|

(U) Phase II performance parameters at 4.5 sec are presented in
columns 1 through 11 in Table IV. These values are as measured or
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calculated in Ref. 2 and include no adjustments to the reference stand-
ard conditions. Those calculations involving chamber pressure have
been carried out using two different measurements: one taken at the
nozzle entrance (Pcc_ ) and another taken at the injector face (P...). A
more detailed discussion of the chamber pressure measured at the two
locations is included in section 4.2.2. As previously discussed, only
selected data are shown. These data are not compatible with the
reference standard because:

1. A hard contour, water-cooled thrust chamber was used,
2. Injectors were of the B3-L2 and B3-(X) types, and
3. Chamber pressures were other than the standard.

An adjustment was made to the Phase II vacuum specific impulse values

to account for heat loss to the chamber cooling water. This adjustment,
which is described in Ref. 2, estimates the performance of an identi-

cal, but adiabatic, chamber. No adjustment was made to account for the
use of two different injectors as examination of the data revealed no dif-
ference in performance. Specific impulse was adjusted to a 120-psi cham-
ber pressure reference by extrapolating along the P¢c./W curve obtained
from Phase II survey data. Column 13 in Table IV shows adjusted vacuum
specific impulses. The other adjusted performance parameters pre-
sented in columns 12 through 15 were calculated from adjusted specific
impulse using the basic relationships.

4.2.1.3 Phase lli

(U) Phase III performance parameters at 4.5 sec are presented in
columns 1 through 11 in Table IV. These values are as measured or
calculated in Ref. 3 and include no adjustments to the reference standard
conditions. Performance parameters have been included in columns 12
through 15, which include minor chamber pressure adjustments to the
120-psia standard. The method of adjustment was identical to that used
for Phase II data.

4.2.1.4 Phase |V

(U) Phase IV performance parameters averaged over the final
0. 3 sec prior to termination of the 650-msec firings have been pre-
sented in columns 1 through 11 in Table IV. Only firings 15 through
18 have been included because these data were unaffected by the plate
at the nozzle exit (Ref. 4). Propellant flow data were not obtained for
these tests; therefore, the performance parameters dependent upon total
fuel flow rate were not included.

18
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4.2.2 Data Adjustment (20 sec)

(U) Performance parameters for Phases I, II, and III at 20 sec are
presented in Table IV. The methods of adjustment were identical to
those used for the 4. 5-sec data. The sample selection varies somewhat
between Tables IV and V because of the time slice chosen. The 20-sec
data for Phase III, firings C1-02, C2-02, and C3-02, were taken, as
before, 20 sec after the firing signal but represent 80 sec of total time
on each of the three engines.

(U) Performance parameters listed to the right of the heavy verti-
cal lines in Tables IV and V are adjusted values, and the data from
different phases are now considered comparable.

4.2.3 Chamber Pressure

(U) The values of characteristic velocity and thrust coefficient pre-
sented in Ref. 2 for the Phase II firings were calculated using a cham-
ber static pressure measurement taken at the nozzle throat entrance.
This pressure was multiplied by a factor (1. 0232) supplied by BAC to
refer the pressure to a total pressure value at the nozzle entrance plane
(Pce ). The pressures used for performance calculations for Phases I,
III, and IV firings were measured at the injector face, and a BAC sup-
plied adjustment factor (0.98621) was applied to refer the pressure to a
total value at the same location (Pyq.). For Phase II firings, chamber
pressure was measured at both the injector face and nozzle throat
entrance. A comparison of the chamber pressures measured at the two
different locations with the appropriate correction factor applied re-
vealed the following:

1. There was a general disagreement as to the actual value of
chamber pressure at the nozzle entrance plane.

2. The difference between P... and P, _ data for the same firing
is as much as 2.4 psia. The P;¢ values averaged 1. 48 psia
higher than the P.; data at a nominal mixture ratio of 1.86.

3. The pressure measured at the nozzle entrance plane (Pccn)
was more consistent and linear with respect to total propellant
flow (WT) than was the pressure measured at the injector
face (Pcci)

From these observations, it is evident that for proper separate evalua-
tion of the components (i. e., injectors, chamber, and nozzle) and ulti-
mate optimization of the engine, further study must dictate the optimum
location for chamber pressure measurement and appropriate correction
factors. Even though the PCci data exhibit more scatter than the Pcep
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data, chamber pressure measured at a location common to all series
(Pcc;) should be used for comparing all calculated performance data
involving chamber pressure. Values of Pqc, and P, _ are presented
in columns 4 and 5 of Table IV for comparis%)n. A.1sonpresented is a
value of Pcc; adjusted to an adiabatic chamber (Pcey ). This value of

chamber pressure, presented in column 16, was calculated from vacuum
specific impulse adjusted to adiabatic conditions assuming that the thrust
coefficient is independent of chamber pressure.’

(U) The values of chamber pressure in columns 4 and 5 are shown
as functions of total propellant flow rate in Fig. 14. Values are also
shown from four additional Phase II firings at nominal chamber pres-
sures of 100 and 140 psia in order to better establish the slope of the
curve. It is seen that the Phase II and Phase III P... data compare
favorably at this time slice, whereas the P¢c, data of Phase II appear
to be slightly higher. This agreement of Phase II and III P... data
should be interpreted only as comparable performance of the hard-
contour and ablative engines while both engines were still geometrically
identical. The agreement should not be considered as a basis for
assuming that the Pq¢; data are more accurate than the P¢c,, data.

(U) Chamber pressure as a function of flow rate is shown in Fig. 15
for the 20-sec data in Table V. The effect of nozzle throat area change
is shown here by the inclusion of lines of various throat areas; these
were calculated by the techniques of Refs. 1 and 3, assuming a constant
characteristic velocity early in the firing when ablation would be ex-
pected to have a negligible effect on performance.

4.2.4 Yacuum Specific Impulse

(U) The values of vacuum specific impulse at 4.5 sec, both meas-
ured and adjusted, are shown as functions of mixture ratio in Fig. 16.
It is seenthat the adjusted values from Phases I, II, and III compare
favorably. Even though the individual specific impulse values for the
three phases appear to be within the overall accuracy of the data, the
average of the Phase III points is approximately one second higher than
that of Phase II. If the adiabatic adjustment of Phase II data actually
restored all lost heat to the combustion products, then the performance
of the hard-contour, Phase II engine with smooth chamber and nozzle

'Examination of Phase II measured data revealed that a change in
CF of less than 0.2 percent occurred for a 40-psia change in chamber
pressure.
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walls would be expected to be at least as high as the Phase III ablative
chambers. This apparent discrepancy must be attributed to one, or
both, of the following:

1. The -adiabatic adjustment simulated restoration of the heat re-
jected to the chamber and nozzle throat cooling water only.
All other possible heat losses were neglected, which means
that the adjustment was minimal.

2. It was assumed that no ablation had occurred at 4.5 sec, and
therefore, the Phase III chambers should have been identical,
dimensionally, with the Phase II chambers. This assumption
may be in slight error.

(U) The values of vacuum specific impulse at 20 sec, both meas-
ured and adjusted, are shown as functions of mixture ratio in Fig. 17,
The three additional Phase III data points are from the second firings
of the three engines tested. Comparing phase data here shows the
effect of the decreasing throat area already seen in Fig. 15 as an in-
crease in the PCCi/WT ratio. The apparent performance increase with
a decreasing throat area is thought to be the same phenomenon as was
found in the Phase II hard-contour tests when the 4. 125-in. -diam,
water-cooled section was added to the thrust chamber. It was shown
in Refs. 1 and 2 that an increase in characteristic length (LL*) caused
an increase in performance, presumably because the thrust chamber
was designed with a less than optimum L*. Reducing the nozzle throat
area while holding the chamber volume constant ' (Phase III) would have
the same theoretical effect on combustion efficiency as holding the nozzle
throat area constant and increasing chamber volume (Phase II), pro-
vided total propellant flow is reduced in proportion to throat area in the
former case.

(U) Average adjusted performance parameters at 4.5 and 20 sec
are shown in Fig. 18 for Phases Il and III. It is seen that the total
propellant flow rate does decrease with throat area as chamber pres-
sure remains relatively constant for the Phase III firings. The decreas-
ing propellant flow rate is the result of a decreasing propellant system
supply pressure. A very elementary approach to the idea of increasing
performance with decreasing throat area is that the ablating engine with

T Actually the chamber volume should increase slightly during the
ablation process, which further increases the chamber volume with
respect to throat area.
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reduced throat area can be considered as a smaller engine with a
slightly larger Ae/AT operating at a higher combustion efficiency than
a non-ablating (or hard-contour) engine. Although specific impulse is
higher for the ablating engine, throat area, flow rate, and thrust are
lower while chamber pressure is approximately the same. Although
the throat area at 20 sec is a calculated value based on the assumption
of a constant characteristic velocity, it is supported by a calculated
value assuming a constant thrust coefficient taken at 4.5 sec. The two
average values of nozzle throat area thus calculated were 16. 05 and
16. 10 in. 2, respectively, or a disagreement of 0. 3 percent. The
thrust coefficient for the Phase III data increased slightly between 4.5
and 20 sec (column 14 in Table IV and column 11 in Table V) which was
presumably caused by the increasing A./AT ratio as the throat area
decreased.

(U) Although no propellant flow rate data are available for Phase IV
firings and, therefore, firm conclusions cannot be drawn concerning
performance, it is interesting to note the similarity in Phase II and IV
average chamber pressure, thrust, and thrust coefficient (columns 186,
17, and 18 in Table IV). Post-test examination of the Phase IV engine
revealed no ablation; therefore, Phase II and IV engine dimensions
were identical within manufacturing tolerances. The propellant supply
pressure data of Phase III were used to set propellant supply tank pres-
sures for Phase IV; therefore, mixture ratio and total flow should be
approximately nominal.

(U) It was concluded that the performance of the ablative and the
hard-contour engines was comparable when all data were referenced to
the same standard. The apparent higher performance level of the abla-
tive engines over the hard-contour engine was attributed to increased
combustion efficiency as a result of a decreasing throat area.

4.3 ABLATION CHARACTERISTICS

(C) The mass ablation rates presented in the table on the following
page were defined as the total loss in mass of the engine divided by the
total burn time of the engine. The mass loss was determined from the
pre-fire and post-fire weight measurements.
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Phase | Test | - Assembly Weight, 1b,, | BUF? | Mass Ablation
psia Time, | pate, 1by/sec
. . » 1Pm
Pre-Fire | Post-Fire sec
I 01 100 145. 56 --- 388 Structural
Failure
I 02 100 137. 88 125. 88 397 0.03037
I 03 100 154. 94 143. 50 398 0.02896
I 04 100 161.63 150. 75 395 0.02753
111 C1 120 145.50 133.0" 445 0.02808"
I11 Cc2 120 146. 00 128.19 445 0. 04003
IT1 C3 120 144. 28 129. 69 444 0. 03265

"This chamber was initially post-test weighed at 139,31 1b and
was later reweighed at 133. 0 1b by BAC.

(C) The average ablation rate of the Phase I thrust-chamber-nozzle
assemblies was 0. 02895 lbp,/sec, and the Phase III average was
0.03358 1by,/sec. These two rates differ by approximately 14 percent.
The Phase III tests were conducted at 120-psia and the Phase I at
100-psia chamber pressures. This variation in chamber pressure
should give approximately a 15-percent increase in the convective heat-
ing rate resulting in the increased ablation rate.

4.4 ENGINE TEMPERATURES

(U) The maximum temperatures experienced on the external sur-
face of the all-ablative, thrust-chamber-nozzle assemblies agree very
well (Fig. 19). The maximum variation at any given station on these
assemblies was less than 70°F throughout the program except for
test C2 of Phase III. This particular test was conducted with minimum
time between the 60- and 380-sec firings and without any maximum
limitation being placed on the external temperature prior to firing.
This resulted in the external temperature of the chamber being about
75°F higher than the other chamber temperatures at the start of the
380-sec firing. The maximum temperatures indicated in Fig. 19
occurred during the one-hour coast periods after the 380-sec firings
(see section 3. 1).

(U) The maximum external temperatures near the throats of the
chambers tested during Phase I were somewhat lower than those indi-
cated during Phase III. This was expected because of the thicker
ablator and insulator layers on these chambers in the throat area
(Fig. 2) and because of a lower operating chamber pressure.
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(C) In general, the maximum external temperature rise that should
be expected for similar chambers and firing durations of 380 sec
should be approximately 400°F and would occur along the thrust cham-
ber wall.

4.5 ENGINE STRUCTURAL INTEGRITY

(C) The four phases of this test program were conducted with only
one major structural failure. The first test period of Phase I, using
an AVCO chamber, resulted in the chamber failing completely after
378 sec of an expected 380-sec test. A portion of the ablative material
just downstream of the throat separated from the engine after 263 sec
of the 380-sec firing. The loss of this section of ablative material
allowed the hot gases to enter the insulation layer (Fig. 2a) and eventually
caused the failure of the thrust chamber section (Ref. 1). At the time of
failure the thrust-chamber-nozzle assembly had a total firing time of
388 sec of an expected 455-sec life.

(U) The remainder of the ablative assemblies utilized in this pro-
gram were HITCO assemblies. These seven assemblies experienced
only minor structural degradation. The assembly used for Test C3 of
Phase III was found to have a circumferential crack approximately
0.2 in. wide in the throat section (Fig. 20). The depth of the crack was
not determined at AEDC. Post-fire inspection of all seven HITCO
assemblies revealed that grooving along the chamber walls and rather
extensive shingling or separation of the material layers in the nozzle
downstream of the throat had occurred (Figs. 21 and 22). There was
also some evidence of separation of the ablative material downstream
of the throat from the structural wrap (Fig. 21) (Refs. 2 and 3).

(U) The destructive inspection required to determine the extent of
separations of material, depth of char, material strength, etc., was
not accomplished at AEDC. All chambers were returned to BAC for
this type of inspection.

SECTION V
SUMMARY OF RESULTS

(U) The results of the simulated altitude testing of the BAC
Model 8258 LEM Ascent engine in the Propulsion Engine Test Cell
(J-2A) were as follows:

(C) 1. The mean values of vacuum specific impulse for the Phase I
and III engines were 305.4 and 309.5 lbs-sec/lby,, respec-
tively., These values compare very well when adjusted for
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variations in chamber pressure, chamber length, and heat
loss (based on Phase II test data) and for differences in
expansion ratio (based on theory).

(C) 2. Initial performance evaluation (4. 5-sec data) indicated that
the characteristic velocity and vacuum thrust coefficient
for the Phase I engine were 5510 ft/sec and 1.774, respec-
tively. The Phase III engine performance indicated that c*

and CF_ levels of 5468 ft/sec and 1. 808, respectively, were
obtained.

(C) 3. The Phase II all-metal engine performance indicated:

a. The effect of increasing chamber pressure 20 percent
(from 100 to 120 psia) was to increase c* 0. 766 percent
and Igp 0.766 percent. No increase in Cp,_ was obtained.

b. The effect of increasing L.* by 40 percent (from 30 to
42 in.) resulted in average increases of c* and Isp, of
0.69 and 0. 78 percent, respectively. The maximum in-
crease in vacuum thrust coefficient was 0. 56 percent,
which occurred at a mixture ratio of 2. 0.

c. The maximum value of c* was reached at a mixture ratio
of 1.5, and the maximum Isp, was reached at 1. 6 for all
configurations. Increasing mixture ratio increased Cg
throughout the range tested.

(C) 4. The average mass ablation rates for the Phase I and III
engines were 0.0290 and 0. 0336 lby,/sec, respectively.

(C) 5. The maximum external surface temperature rise on the all-
ablative assemblies should be less than 400°F for a 380-sec
firing.

(U) 6. The Phase I thrust-chamber-nozzle assembly built by AVCO
did not meet the expected life requirements of 455 sec because
it failed during Phase I Test No. 01 after a total firing time of
388 sec. The remainder of the chambers tested during Phase I
experienced only minor structural degradation. The chambers
tested during test Phases III and IV were structurally capable
of meeting the requirements of the mission duty cycle and the
proposed staging technique for the LEM vehicle.
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GNo Supply GN, Supply
N»O4 Vent AZ-50 Vent
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Por o P
Yo ] =
g= =l
To. O— o TrL
ToL O —O TR
To. 0— —O L
PoL o— | PEL

Propellant Propellant
Valve Poy  PrJ Valve

p Py Subscripts
0l —
To) Poas.” PFA) Ty O Oxidizer
O Tpc b "Pc| [ o1, OT Oxidizer Tank

.
0JO— 7 —O o1 Oxidizer Line
0J Oxidizer Injector

X Valve Poasl Pral F Fuel
O Thermocouple T FT Fuel Tank
FL Fuel Line

O Transducer

P Pressure FJ Fuel Injector

T Temperature C Thrust Chamber

W Flow rate A Differential
UNCLASSIFIED

Fig. 6 Typical Propellant System Schematic
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Test No.
O 01-03
A 02-02
0 03-02

O 04-02

120 160 200 240 280 320 360 400 440

Time, t, sec

Phase |

Test No.
| O cCl1
60-sec 380-sec A C2
Firin Firi a c3
L gl iring 4

>t >
] | | | | ] | | ] | |
0 40 80 120 160 200 240 280 320 360 400 440
Time, t, sec CONF IDENT IAL
Phase I
Fig. 7 Vacuum Specific Impulse as a Function of Time
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0] Phase II Without Water-Cooled Chamber
Extension, P, = 120 psia

a Phase II With Water-Cooled Chamber
5700 y— Extension, P, = 120 psia

O Phase I Without Water-Cooled Chamber
Extension, P, = 100 psia, t = 4.5 sec

FAN Phase I With Water-Cooled Chamber
Extension, P = 100 psia, t = 4.5 sec

5600 V  Phase III Without Water-Cooled Chamber
Extension, P, = 120 psia, t = 4.5 sec

5500 —

5300 &
1.2 1.4 1.6 1.8 2.0 2.2

Mixture Ratio, M.R.  eOHESempmer—

Fig. 9 Variation of Characteristic Velocity
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30 40
Nozzle Area Ratio, A/Arg

Fig. 12 Approximate Location of Shock Wave in the Engine Nozzle as o
Function of Blast Shield Position
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Vacuum Thrust, F,, 1lbg
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Blast Shield Location, X, in.

Fig. 13 Engine Yacuum Thrust as a Function of the Blast Shield Position
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Fig. 16 Vacuum Specific Impulse at 4.5 sec
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Fig. 17 Vacuum Specific Impulse at 20 sec
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TEST SUMMARY AND CONFIGURATIONS

TABLE |

AEDC-TR-65-97

Ay Initial Final
Phase Test | Firing Thrust Are.a Injector Flrng Pressure | Pressure
of No No Chamber | Ratio, S/N Duration, Alt Alt
Testing ’ S/N A/AT sec © "
| | ft ft
f
1 o1’ 01 FA-1-271-1 | 40:1 A3-1 5.07 80, 000 87,000
02 4, 82 78,000 86,000
03 378.2 86,000 115,000
02’ 01 H-1-300-1 A3-3 11. 88 111,000 115,000
02 380.0 80,000 126, 000
03 5.18 104, 000 106, 000
03’ 01 H-3-300-5 9.82 77,000 91, 000
02 379.8 111, 000 127,000
03 5,08 121,000 122,000
04 01 H-2-300-3 B3-1 10. 00 79,000 92,000
02 379.8 117, 500 129,000
03 5.16 116,000 118, 000
I B1 1 Water- 45.6:1 B3-1.2 20 75,000 99, 000
cooled

2 30 105, 000
3 20 99, 000
4-10 30 105,000

B2 |13-21 B3-1 30

B3' |22-29 30
1 C1 01 H-1-350-3 B3-L2 60. 14 78, 700 110, 300
02 379,90 78, 500 120, 900
03 4.90 112, 800 114,000
C2 01 H-2-350-3 59, 90 76, 800 107, 600
02 380, 10 76, 800 115, 800
03 5.07 78, 300 85, 500
C3 01 H-3-350-3 59,20 76,200 109, 000
02 379.70 75, 200 116, 200
03 5.09 86,000 81, 600
v D4 1-18 H-1-430-1 0.650 88, 000 66, 000

L

"These configurations included a 4. 125-in., water-cooled combustion chamber extension.
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DATA SUMMARY AT 20 SEC

TABLE |l

Pecs W, Fo» ) PR + | Injector
Test M. R. ps(;g ibm 1bg lbi-p:ec Cr AlAT Type
/b
01-03 1,624 99.98 | 10.91 13370 308.9 (1.771 40 A
02-02 1.629 102.41 | 11.21 |3440 306.8 | 1,760 40 A
03-02 1.623 102.36 | 11.31 |3474 307.2 |1.778 40 A
04-02 1,625 98.90 | 10.92 3335 305.4 [1.772 40 B
Bl-1 1,516 118.3 11,46 (3468 302.8 |1.784 45,6
B1-2 1,518 99,78 9.66 (2907 300.8 | 1,781
B1-3 1,464 140,18 | 13.55 (4114 304.0 |[1.784
Bl-4 1,388 119.73 | 11,58 {3504 302,8 |1.780
B1-5 1,634 118.25 | 11.48 |3475 302.8 |1.788
B1-6 2,113 117.90 | 11.69 [3476 297,3 | 1.793
B1-7 1,643 98, 52 9.64 2894 300,3 ([1.787
B1-8 1,621 117,17 | 11, 38 |3442 302.6 |1.787
B1-9 1,593 138.21 | 13,36 |4064 304.2 | 1,789
B1-10 1,411 118.63 | 11,49 (3465 301, 7 1,777
B2-13 1,578 119,34 | 11,56 |3514 304.0 [1.791
B2-14 1,460 114,91 | 11,13 [3366 302.6 | 1.782
B2-15 1.700 118.83 | 11,54 {3493 302.6 | 1.788
B2-16 2,035 119,17 | 11,75 33507 298.6 | 1,790
B2-17 1,605 118.50 | 11,48 (3479 303.1 | 1,786
B2-18 1,399 118.17 | 11,45 | 3462 302,3 |1.782
B2-19 1,597 117.81 | 11,41 | 3461 303.3 | 1.787
B2-20 1.596 117.84 | 11.42 | 3461 303.2 | 1,787
B2-21 1,799 119.03 ) 11,59 | 3503 302.3 | 1.790
B3-22 1.736 116.38 | 11.25 | 3435 305.5 | 1.796
B3-23 1,451 118,03 | 11,37 | 3461 304.4 | 1,784
B3-24 1.632 117,87 | 11.37 | 3475 305.6 | 1.794
B3-25 1,982 119.39| 11.65 | 3537 303.5 | 1,802
B3-26 1,583 119.31 | 11.49 | 3514 305.7 11,791
B3-27 1.391 118.44 | 11,40 | 3466 304.1 | 1,780
B3-28 1,559 117.66 | 11,33 | 3461 305.5 | 1,789
C1-01 1,586 119.10 | 11,30 | 3481 308.1 | 1,807
C1-02 1,596 120,77 | 11,12 | 3434 308.7 | 1,806
C2-01 1,579 118.81 ) 11.40 |3537 310.2 | 1.824
C2-02 1,601 118,98 | 11,27 | 3473 308.1 | 1,817
C3-01 1.575 119,53 11,38 | 3526 309.8 | 1.821
C3-02 1,538 121.15) 11,19 | 3454 308.5 | 1.818

TApproximate Pre-Fire Area Ratio
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